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Abstract 
In this work, we investigate the coherent Optical Code Division 
Multiple Access (OCDMA) coding scheme based on the Superstructure 
Fiber Bragg Grating (SSFBG) encoders and decoders. The theoretical 
derivation of the phase encoded SSFBG encoder model from the Coupled 
Mode Theory has been given in the thesis. A multi-user simulation model of 
the coding scheme is constructed based on the SSFBG encoder model. 
Furthermore, the multi-user system performance of the simulation model in 
ideal case and in practical environment has been investigated. Research on 
the effects of refractive index modulation of SSFBG is also taken to show 
how the encoder and decoder perform when the weak-grating limit is 
satisfied or not. The effects on system performance by the code sequence 
type and code length is discussed in the ideal case in this thesis too. We also 
simulate the system performance when it operates asynchronously and when 
users are not in the same power level. It is shown that the system 
performance will degrade in such an environment. Channel noise has been 
considered in our simulation in ideal case too. And the BER performance of 
the multi-user system is plotted, from which the power penalty of adding 
III 
new users can be seen clearly. Our simulation results agree with some 
published experimental results, illustrating the correctness of the proposed 
simulation model. 
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摘 要 
在本文中’我們研究了基於取樣光纖光柵編/解碼器的相干光碼分多址的編碼 
方案。本文也給出了由耦合模理論導出的相位編碼的取樣我們硏究了基於取樣光 
纖光栅編/解碼器的理論_。基於此模型，我們建立了一個多用戶的相干光碼分 
多址接入系統的仿真_，並進一步本別作了對該系統在理想情況下和實際環境 
下的性能分析。我們也硏究了取樣光纖光柵折射率的變化率對編/解碼器的影饗’ 
以觀察是否其在是否滿足光纖弱反射率條件時的不同表現。本文也硏究了不同碼 
序列和碼長對系統性能的影響。在實際情況下，系統用戶可能會進行非同步通信， 
各個用戶的信號能量也可能會不同’我們對這兩種情況都進行了仿真。結果顯示’ 
在實際情況中系統的性能將會下降。我們也在對理想情況的系統性能硏究中引入 
了通道雜訊，並分析了此時的多用戶系統誤碼率。從不同用戶數的誤碼率曲線中 
我們可以明確的看出引進新用戶時對系統性能的衰減。我們的仿真結果和一些已 
發表的實驗資料相吻合’這也表明了仿真的正確性。 
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Chapter 1 
Introduction 
1.1 Overview of OCDMA 
There are several multiplexing methods in optical communications, 
such as Time Division Multiplexing (TDM), Wavelength Division 
Multiplexing (WDM) and Code Division Multiplexing (CDM). TDM is a 
classical multiplexing mode that arranges the channels into different time 
frame. It is a synchronous multiplexing method, which requires all the users 
send data according to the system clock. A TDM single channel 640 Gbit/s 
transmission experiment has been reported in [1], which is possibly the 
highest TDM transmission speed in single channel that can be reached now. 
WDM relates to the Frequency Division Multiplexing (FDM) in wireless 
communications. WDM arrange the users in the wavelength domain. With 
the development of Arrayed Waveguide Gratings (AWG) and other devices, 
WDM become the primary multiplexing method in optical networks. The 
capacity of WDM system is determined by the channel spacing and the 
number of channel, which is relate to the system bandwidth. In [2], a 10.2 
Tbit/s (256x42.7 Gbit/s Polarization Division Multiplexing /Wavelength 
Division Multiplexing) transmission is reported, which shows the largest 
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capacity in WDM hybrid system that has been reported. 
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Fig. 1-1 Schematic Diagram of encoding and decoding of semiconductor laser 
generated RZ data as shown in the context of multiplexing and demultiplexing of N 
channels 
In recent years, the optical communication systems develop very 
quickly. Optical Code Division Multiple Access (OCDMA) is a new and 
attractive broadband fiber-optic access technology. Different from TDM and 
FDM, CDMA is a technique to provide multi-access communications by the 
assignment of unique codes to users. It allows a multitude of users to share 
the same transmission medium and bandwidth simultaneously in an 
asynchronous manner, perhaps even using different protocols and data 
formats. Each of the users is uniquely identified by a signature sequence, 
which is used to encode and decode information flowing in the CDMA 
network. OCDMA schemes are CDMA schemes in which coding and 
decoding operations are embedded in the optical domain. Fig. 1-1 shows a 
4 
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typical OCDMA system that use DFB laser as the light source and Fiber 
Bragg Gratings (FBG) as the encoders and decoders [3]. Similar with the 
wireless CDMA schemes, OCDMA offers advantages such as all optical 
processing, asynchronous transmission, flexible bandwidth management, 
low delay access and high information security. It also offers enhanced 
network scalability and the potential for higher levels of connectivity 
[4H7]. 
However, OCDMA has some differences with the wireless CDMA 
schemes. In OCDMA schemes, the signals are transmitted inside the Fibers 
thus there is little multipath effect for OCDMA schemes. And in many 
OCDMA schemes, the Unipolar codes and optical power detection are 
employed ([4], [7]). For these coding schemes the coding efficiency is 
relatively low. Another important difference between OCDMA schemes and 
wireless CDMA schemes is that physical characteristics of optical encoders 
make the systems performance more complicated. For example, the FBG 
encoders in coherent OCDMA schemes is more complex than the counter 
parts in wireless CDMA systems in structure and FBG encoders will also 
bring some noises to the system by its physical characteristics. 
There are presently two major types of coding schemes for OCDMA: 
incoherent and coherent. Incoherent coding scheme is more mature and 
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easily implemented. Many groups have use different devices such as delay 
lines and Bragg Gratings to construct incoherent OCDMA system and study 
the system performance. Coherent OCDMA schemes use coherent light 
source as the signal generator and operate in phase maintenance system. 
Compared to incoherent OCDMA schemes, Coherent OCDMA schemes 
manipulates the phase instead of the power of the signal pulse and thus can 
provide a much larger useful set of codes, higher coding efficiency and 
higher system capacity with same code length. Coherent coding schemes 
attract more and more attention these years for its advantages. 
Recent Research mainly focus on looking for new devices for encoder, 
code sets with better properties and try to enhance the operating speed and 
capacity of the system. There are also some research on analyzing other 
parts of the system, such as light source, noises, system structure, and relate 
works of OCDMA and WDM hybrid networks. 
1.2 Classification of OCDMA Schemes 
There are many coding schemes in OCDMA communications. A typical 
way is to classify the schemes by the coding environment. If in the coding 
schemes the information is modulated on pulse intensity or position, such 
6 
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coding schemes are called incoherent OCDMA schemes. On the other hand, 
if the coding schemes use coherent light source and communicate in the 
phase maintenance environment, they are called coherent OCDMA 
schemes. 
OCDMA coding ：么 
Schemes 炼 
# -
U  
Y 
Coherent Coding Coding : 
^ 
1 r  jr ^  
Spectral Phase coding ^ J 二二 ,，. 11 ^ , , , | | � ’ � . ~ � 
ON/OFF Keying Spectral*� Two-dimensional 
�： codffS '’ Ampl i tude … ， 广 、 
II I I � �： > 〜貧、 
Fig. 1-2 the coding scheme classification 
Fig. 1-2 shows the classification of OCDMA schemes, including 
incoherent and coherent coding scheme. ON/OFF Keying (OOK) coding is 
a major incoherent coding scheme. OOK coding schemes use the pulse 
present T and no pulse present ‘0’. And Optical Orthogonal Codes are 
employed in these coding schemes. Incoherent coding scheme is more 
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mature and easily implemented. Many groups have use different devices 
such as delay lines and Bragg Gratings to construct incoherent OCDMA 
system and study the system performance. There are a lot of research done 
on the networks employing this multiplexing scheme, too [4]-[8]. However, 
because of the unipolar nature of detecting only the signal optical power in 
existing fiber networks, the number of suitable codes is limited and the code 
length is very long. Hence it is difficult to deploy a practical OCDMA 
system based on incoherent coding. 
Another presently major type of incoherent coding scheme is spectral 
amplitude coding. Coding schemes of this kind focus on spectral amplitude 
modulation of signal pulse. They use Electron-Optical (EO) modulator to 
generate the signal pulse. Different pairs of Conjugate sequences are chosen 
to present ‘1’ and '-1' of the input signals in each user's encoder. At the 
receiver side match filter decoder is employed to detect the encoded signal 
of the corresponding user. The decoder can detect the signal encoded with 
either the sequence in corresponding user's encoder or its conjugate, and 
generate positive or negative output respectively. And then we can get 
bipolar signals out of the decoder. In this way we can simulate the bipolar 
systems in wireless CDMA systems [10]-[12]. 
In recent year two-dimensional coding and three-dimensional coding 
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schemes come into reality to enhance the coding efficiency of recent 
OCDMA coding schemes. By hybrid two or three factors from wavelength, 
time, phase or space, we can reach a higher coding efficiency than coding in 
only one dimension. This coding scheme can be incoherent or coherent up 
to the coding factors you choose [13]-[16]. 
Coherent coding is another important OCDMA coding scheme. In next 
section we will discuss the coherent OCDMA schemes in details. 
1.3 Introduction of Coherent OCDMA Schemes 
Coherence coding schemes use coherent light source as the signal 
generator and operate in phase maintenance system. In this scheme we 
modulate the spectral phase of signal pulse, use different phases to present 
‘1’ and ' -1 ' . In these schemes it is easily to do bipolar coding and design the 
match filters to decode the signals. By this way, we can easily introduce the 
mature techniques in wireless communications directly into OCDMA 
systems such as M sequences, Gold sequences and even Quadric-phase 
sequences. These sequences have better correlation properties, larger code 
set compared to Optical Orthogonal Codes (OOCs). Thus the coding 
efficiency and system capacity will be greatly enhanced. Using the coherent 
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coding technique, we can also reach a higher coding speed more easily 
[17]-[21]. 
There are also disadvantages of phase coding. Phase coding has relative 
strict requirements on the phase control and the structure of encoder and 
decoder will be more complicated. The stable coherent light source with 
narrow pulse width is needed, which is much expensive than the Laser 
Emitted Diodes (LED) light source. Since the whole system needs to 
operate in a phase maintenance environment, the phase noises generated by 
the devices and dispersion need to be controlled in a very low level [18]. 
1.4 Introduction of superstructure Fiber Bragg 
Gratings and Other Encoding and Decoding 
Components 
There are many different coherent OCDMA coding schemes in recent 
research, employing different optical devices to do phase encoding and 
decoding. Some of the most conmen used devices are Delay Lines [8], [22], 
[23], Mach-Zehnder (MZ) Modulator [14], [18], [20]，Bulk Bragg Gratings 
[10] , [11]，AWG [24] a n d F B G [3], [13] , [15] , [25] , [26 ] , [27] , [28 ] . 
The Delay Line is a common device that is always used to give a 
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controllable time delay for signal pulse. The delay lines and couplers 
together can construct the encoders and decoders for unipolar Pulse Position 
Modulation (PPM) CDMA coding schemes in [8] and [22]. The idea is to 
encode the signal pulse into a pulse sequences whose positions are 
modulated by a ladder network constructed by delay lines and couplers. And 
at the decoder side, an inverse ladder network is employed to give a group 
of delay to the pulse sequence in the contrary direction. Thus all the pulses 
can recombine into the original signal pulse. In [23] the encoder structure of 
Delay lines with AWG is also been introduced. Only one device is needed 
for encoding and decoding in that paper. However this scheme can only be 
used for incoherent OCDMA networks. Because the coding efficiency of 
OOCs is relatively low, we need a very long code sequence to achieve an 
available correlation performance. At this time the system structure and cost 
would be very high. 
The structure of MZ modulator encoder is similar with that of the Delay 
Lines. MZ modulators and couplers form a structure of an optical ladder 
network [18], [20]. The advantages and disadvantages of delay lines encoder 
are also available for MZ modulator encoder. 
Bulk Bragg Gratings is often used in spectral amplitude coding schemes 
[10], [11]. The Bragg Grating spreads the signal pulse in space domain and 
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then encodes the spectral amplitude of each wavelength. Then the spread 
pulse will recombine into the original pulse. At the receiver side, the 
decoder will spread the pulse again and use an inverse code to recover the 
encoded signal. However the encoder and decoder structure do not suit for 
the fiber systems because its size is big and it needs to couple the light out 
and into the fiber when do the encoding or decoding process. And it is 
difficult to employ long code sequences into this kind of encoders. 
AWG encoder is also used to separate the different wavelength parts of 
signal pulse into space domain, which is similar to the Bulk Bragg Grating 
encoder. And it also meets those inefficiencies in the Bulk Bragg Grating 
encoder systems which we list above [24]. 
FBG is widely used in many OCDMA coding schemes including 
incoherent schemes ([3], [13], [15]) and coherent schemes ([27], [28]). FBG 
encoder is easily fabricated, fast in speed, and easy to do coding using long 
code sequences. 
Recently, a new photonic component, the Superstructure Fiber Bragg 
Grating (SSFBG) has been investigated by some research groups as the 
en/decoder for coherent OCDMA. The SSFBG is relatively simple in 
structure, which can be potentially easily fabricated at a low cost. A 
255-chip quaternary phase encoded SSFBG has been successfully fabricated 
1 2 
Chapter 1 Introduction 
and employed in an OCDMA experiment involving two users sharing the 
same wavelength but employing different codes [27]. 
SSFBG is a good encoder for high transmission speed, large capacity 
coherent OCDMA schemes. And we shall research on the coherent OCDMA 
system using SSFBG as the encoders and decoders in this thesis. We shall 
discuss the simulation model and performance of SSFBG encoders in 
chapter 2 in more details. 
1.5 Outline of the Thesis 
In chapter 2, Coupled Mode Theory (CMT) will be introduced first. Then 
we shall look at the properties of Fiber Bragg Gratings based on the 
simulation model of FBG using CMT. We shall find out how the FBG 
length, the center wavelength, the effective mode index and the refractive 
index modulation affect the FBG reflection spectrum: the reflectivity, 
spectrum width and shape. Then we shall introduce the simulation model of 
phase encoded SSFBG and introduce its properties. We shall find that after 
encoded with different code sequences, the reflection spectrum of SSFBG 
will be different. 
In chapter 3，the coherent OCDMA coding scheme based on SSFBG 
13 
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en/decoders will be introduced first. The advantages of this coding scheme 
will be list. Then we shall introduce our simulation model: a simple 
OCDMA system consisting of a number of encoders and a single decoder. 
The theoretical base of the coding scheme will also be introduced there. At 
the end of chapter 3 we shall introduce some research that can be done by 
the simulation model. All the research is done in a multi-user environment. 
In chapter 4，some research will be discussed on the system performance 
in the ideal case, where all the users are synchronous and in the same power 
level. We shall introduce some factors that will affect the system 
performance and discuss them separately. Firstly, discussion on how the 
SSFBG factors affect the system performance and analyze the trade-offs 
will be done. Then we shall compare the system performance when 
employing different code sequences to the encoders and decoders, such as 
random sequences, M sequences and Walsh sequences. All these works will 
be done for a code length of 255 bits. And we shall discuss how the code 
length affects the system performance. 
In chapter 5，we shall do research on the system performance in practical 
environment. All the research will be done using M-sequences. Firstly we 
shall discuss the system performance when it operates asynchronously. We 
can see the system will become unstable when users are asynchronous with 
14 
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each other. We shall also do research on the case that the signal power of 
users are in different level. This will occur when users transmit different 
length in the fibers. The research will be done on the worst cases of such 
system. In real case, the system performance will be random but maintain 
better than the worst case. Finally we shall discuss the channel noise and the 
BER performance of multi-user system in ideal case. 
In Chapter 6，conclusions of this work will be drawn and possible 
extensions will be discussed. 
15 
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Chapter 2 
Coupled Mode Theory and 
Superstructure Fiber Bragg Grating 
Simulation Model 
2.1 Fiber Bragg Grating Model Based on 
Coupled Mode Theory 
2.1.1 Introduction of FBG and the Coupled Mode 
Theory 
FBG is a periodic perturbation of the refractive index along the fiber 
length which is formed by exposure of the core to an intense optical 
interference pattern. The formation of permanent gratings in an optical fiber 
was first demonstrated in 1978. After many years development, FBGs are 
now commercially available and they have found key applications in routing, 
filtering, control, and amplifications of optical signals in optical 
communication systems. Advantages of fiber gratings over competing 
technologies include all-fiber geometry, low insertion loss, high return loss 
or extinction, and potentially low cost. But the most distinguishing feature 
16 
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of fiber gratings is the flexibility they offer for achieving desired spectral 
characteristics. Numerous physical parameters can be varied, including: 
induced index change, length apodization, period chirp, fringe tilt, and 
whether the grating supports counterpropagating or copropagating coupling 
at a desired wavelength. [29], [30]. 
Coupled Mode Theory (CMT) is a classic method to solve the 
Electro-Magnetic Field problems. It is widely used in Electro-Magnetic 
Field calculations and microwave and optical devices design. CMT is a 
relatively simple and effective way to get an approximate result and in many 
cases, the higher orders' mode coupling effect can be ignored. Thus the 
results from CMT are acceptable. 
CMT is a good tool for obtaining quantitative information about the 
diffraction efficiency and spectral dependence of fiber gratings. While other 
techniques are available, here we consider only CMT since it is 
straightforward, it is intuitive, and it accurately models the optical properties 
of the FBGs in our work. All the research in this thesis is based on this 
model. 
17 
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2.1.2 FBG Model Based on CMT 
First of all, we introduce the theoretical derivation of FBG model based 
on CMT which can also been seen in [30], [31]: 
… . " 7 ( 1 ) 
, _ , 1 1 1 1 I I I I I I >f(l)=0« 
_ I 
1 i 
i 
2 = 0 z-L 
Fig. 2-1 Interaction geometry for FBGs 
Referring to Fig.2-1, the standard coupled wave formulation for 
forward/backward wave amplitudes, of propagation constant propagating in 
a single-mode fiber within which is written a Bragg grating of wave number, 
is given by (1), 
小+] r 0 itg-敞]�A+] ,1� 
— = I (1) 
dz[A-\ 0 1 a - � 
where SP = l / 3 - — is the detuning from Bragg resonance, A 
k\ = {tt^S^^JJ I X ) ,is the grating coupling constant, ( ^ „ 时 is the index 
modulation,〜愤 is the effective mode index and A � i s the free-space 
wavelength.八 is the nominal period of FBG. And v is the normalized 
frequency of the FBG refers to the center wavelength. 
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Defining the column vector A(z) = [A+(z)’ A一（z)J，the general solution to 
(1) may be expressed as 
A{l,) = S{l„z)A{z) (2) 
where 
�o’Z) 一 Le-湖(z+,�)z2y (Z - Z o ) 严 - k � n p * (z-lo)_ 
讽'2 0 J p i z - i o ) 论 哦 " 0 ] 
0 丄 0 严'2」 
p ( z - / o ) a n d ^ ( z - / o ) being given by 
p{z -/�）= c o s h [ A ( z - / o ) ] - i — s m h [ A ( z - / � ) ] (4) 
9 ( z - / o ) = - ^ - s m h [ A ( z - / o ) ] (5) 
A 
and A = - 哪 I if•：丨丄.The scattering matrix S depends on the point 
at which the amplitudes A{IQ ) are presumed known. Usually Z �= 0 ’ z 
replaces z - / � i n (2)-(5). In the above notation the resultant scattering 
matrix of gratings in series is given by 
•S(0，L) = VZo，Z|) ."^2(ZI’Z2). . .*V�-”ZN) 
~ , (o) 
= A^(Zo).ii(Zo，Zi).«?2(Zi’Z2)".5"(Z/^_i，z").M-i(z") 
w h e r e z �= OandZ/^ = L.From (6) we can see that M matrix only emerge in 
� the start point and end point, so we can use S (z,-，) instead S(z,, ) ’ 
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by define >S(z,’z,+i) = 气 . T h e above solution also emphasizes the 
iq P � 
following necessary property for an arbitrary point z = I (where 0 < / < L)’ 
for a single grating of length 
S{0,L) = S{0,l)-S{l,L) (7) 
as may be verified by direct calculation from (2) to (5). By applying 
the condition A" (L) = 0 
A-i0) = l M A \ 0 ) (8) 
P(L) 
after which the grating reflectivity and transmission are easily calculated. 
2.1.3 FBG Model When there are Phase 
Discontinuities Between Different Parts 
A similar, but distinct anomaly occurs when considering two identical 
gratings delineated by a phase discontinuity. The presence of phase 
discontinuities within a Bragg grating effectively divides the structure into 
several subgratings. As noted above (1) grating discontinuities may be 
accounted for by complexifying the grating-coupling constant. If the phase 
change at a discontinuity at z = L is 2(Z) (the factor of two is for 
convenience), then the resultant scattering over the length of the grating is 
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described by 
Sm,0)-S{l,L,(t>) (15) 
where for the second grating, k —> that 
q{z-I) — q{z -1,0) = -i-e-'^^ smh[A(z — /)] (16) 
A 
p{z -1) is unaffected. 
An alternative approach is to keep k real and account for phase 
discontinuities via phase matrices of the form 
^ | V 力 0 1 , 1 7 � 
o, . = (17) 
_ 0 
the resultant scattering matrix for several discontinuities then being given by 
•S(0’L) = ^S((Ui). fl<EV«S(z,，z,_+i) (18) 
_ 一 
This form is easy to analyze the phase discontinuities that we add to 
the FBG, so we shall use this form in our future derivation and system 
model. 
The number of sections needed for the piecewise-uniform calculation 
is determined by the required accuracy. For most apodized and chirped 
gratings M ~ 100 sections is sufficient. For quasimuniform gratings like 
discrete-phase-shifted and sampled gratings, M is simply determined by the 
number of actual uniform sections in the grating. M may not be arbitrarily 
large, since the CMT approximations that lead to (3)，(10) and (12) are not 
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valid when a uniform grating section is only a few gratings periods long. 
Hence we require Az » A , where A = A/ln^^ is the grating nominal 
period. This requirement means we must maintain 
M « - f - (19) 
乂 D 
where A � i s the designed center wavelength of the FBG The requirement 
(19) is very useful when we design a FBG simulation model [30]. 
In our further research work, we shall use this model for SSFBG encoder 
design and analysis. 
2.2 Properties of Fiber Bragg Gratings 
Using the CMT based FBG model, which is introduced in section 2.1, 
we can define the reflection spectrum and transmission spectrum 
T(ciJ) from the scattering matrix of FBG. We assume that: 
� 5 1 1 5121 
S(0,L)= (20) 521 S22-
where S l l , S12, S21 and S22 are all function of �，then 
/? = — (21) 511 
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Fig, 2-2 FBG spectrum diagram (a) Reflection spectrum; (b) Phase function. 
Fig.2-2 shows the reflection spectrum of a uniform FBG, including its 
spectrum amplitude in (a) and its phase function in (b). Parameters of the 
FBG are: the simulated FBG length L=5mm; the effective mode index 
n^g =1.45 ； the refractive index modulation =1x10"^ ； the center 
wavelength A = l550nm. And from Fig.4 we can see that the maximum 
reflectivity of the FBG is near 0.4，the 3dB bandwidth of the main peak is 
about 4nm. We shall change some of the parameters and see how the 
frequency responses of FBG vary. Because we often use the reflection 
spectrum as the frequency response of the FBG, analysis below will focus 
on the reflection spectrum. 
[30] shows that the maximum reflectivity a;,以 for a FBG is: 
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( j j . \ 
厂瞧=tanh^A:L) = ( 2 2 ) 
and it occurs at the wavelength 
( 5 A 
/ lo= 1 + (23) I ) 
From (22), (23) we know that the FBG length and refractive index 
modulation affect the properties of FBG. We do some simulation to show 
these effects below: 
1. FBG length 
In Fig.2-3 we can see that the reflection spectrum of the FBG will be 
compressed when we change the simulated FBG length to L= 2cm. The 
maximum reflectivity increases to about 0.8; the 3dB bandwidth of the main 
peak reduces to about 3nm. Also the period of phase function is reduced 
from 2nm to Inm. These results show that the FBG length affects the 
bandwidth as well as reflectivity of the reflection spectrum as shown in 
(22). 
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Reflection function 11 1 1 1 1  
0 8 - (a) A -
0 6 - 1 -
04 - -
Q 〜―八 A A一八八/WVXAAAAAI^  fVVVVWv /^lN/Xy^ V^ v^^ ^^ ^^ ^^ ^ 
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Phase function 1 1 1 1  (b) i i i J i i i i I , i li n i r 
�WBBiM\ • 
•P"2 • ' ' ' ' ' ' ' ' ' ' ' ' ' -
II I I I I I I I I I I I I I I 
•pi -
1 — I I I  1530 1538 1546 1554 1562 1570 
WavelGngth(nm) Fig. 2-3 FBG spectrum when L=2cm (a) Reflection spectrum; (b) Phase function. 
2. Refractive index modulation 
Fig.2-4 shows that when we increase the refractive index modulation to 
=5x10—3 (in the real FBG design, we shall not choose such a big 
refractive index modulation, here we just use this value to analyze how the 
refractive index modulation change affects the FBG spectrum response), the 
main peak of the reflection spectrum will become wider and taller, its 3dB 
bandwidth increases to about 8nm; the maximum reflectivity is near 1. And 
the center frequency of the reflection spectrum moves to about 1555nm or 
so. This results agrees to both (22) and (23). 
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1 fReflection function 
1530 1538 1546 1554 1562 1570 
Wavelength (nm) 
Phase function 1 1 1 1  
(b) y \ A A / 
-pi - V V V . 
1 1 I I  1530 1538 1546 1554 1562 1570 
Wavelength (nm) 
Fig. 2-4 FBG spectrum when =5x10—3 (a) Reflection spectrum; (b) Phase 
function of the reflection spectrum 
Fig.2-5 shows that when we increase the refractive index modulation to 
S^ = 1x10-2，the reflection spectrum will continue to enlarge. An important 
phenomenon is that the maximum reflectivity reaches 1 between 1556nm 
and 1564nm, which shows that the reflection spectrum saturates at this time. 
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Fig. 2-5 FBG spectrum when S^ =1x10"^ (a) Reflection spectrum; (b) Phase 
function. 
3. Designed center wavelength and the effective mode index 
The change of designed center wavelength only causes the shift of 
center wavelength of the FBG; other properties of FBG will not change. 
And the effective mode index change will not affect the frequency response 
of the FBG So we shall not list the relative simulation results here. 
2.3 Simulation Model of Superstructure Fiber 
Bragg Gratings 
The SSFBG can be considered as a uniform FBG inserted by many 
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phase discontinuities (or called phase shifts). So we can use the model based 
on CMT, which is introduced above to analyze the properties of SSFBG. 
The factors discussed in section 2.1 also affect SSFBG properties. And the 
number and superstructure envelope shape will also affect the properties of 
SSFBG. 
1. Comparison of FBG Spectrum Before/After Inserting Phase Shifts 
According to the method introduced in section 2.1，we first design a 
uniform FBG whose parameters are: the simulated FBG length L=5.6mm; 
the effective mode index n时=1.45 ； the refractive index modulation 
= 2 x 1 0 - 5 ; the center wavelength A = l550nm. Then we add 7 phase 
shifts evenly to the uniform FBG. These phase shifts are considered ideally, 
we do not consider the space that these phase shifts occupy. The phase shifts 
are decided by the 7-chip M-sequences: 0 or phase shift represents 1 or 
- 1 of the differentiated M-sequence code. 
Fig.2-6 shows that after adding 7-chip M-sequence to the uniform FBG, 
the maximum reflectivity reduce from 0.1 to 0.05 and the main peak 
bandwidth expand for several times. From this we can see that by adding 
phase shifts to the uniform FBG, the spectral power is distributed and the 
spectrum is spread. 
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Reflection spectrum of uniform FBG 0.12 p I 1 1 1  
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Reflection spectrum after adding phase shifts 0.251 1 — 1 1 1  
1M8 1548 8 1549.6 1550.4 1551.2 1552 
Wavelength (nm) 
Fig. 2-6 Uniform FBG reflection spectrum and after encoded with M7 sequence 
phase shifts 
2. Phase code sequence length 
Fig.2-7 shows the reflection spectrums of SSFBG phase-encoded by 
different length sequences. Here we employ 7-chip, 63-chip and 255-chip 
M-sequences to the phase shifts. We can see that when we add more phase 
shifts to the SSFBG, the reflection spectrum will spread wider, and the 
power will distribute to a wider region. This is similar to the wireless 
CDMA encoded signal spectrum. 
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Fig. 2-7 SSFBG reflection spectrum for encoded with M7, M63 and M255 sequence 
phase shifts 
3. Superstructure envelope shape 
In order to research on how the values of phase shifts (or the shape of 
superstructure envelope) affect the SSFBG frequency response. We add 
different M-sequences to the SSFBG In Fig.2-8 we use two different 7-chip 
M-sequences and two 63-chip M-sequences encoded SSFBGs. It can be 
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seen clearly that the reflection spectrums of the SSFBGs are quite different. 
This result shows that the shape of reflection spectrum of SSFBG is decide 
by the shape of superstructure envelope. 
0-4| , , ： , , 
M 7 Reflection function 
• x w y r v . . ^ ] 
1^49 1549.4 1549 ,8 1550 .2 1550 .6 1551 
0.4| , , ： — — , , 
M 7 Reflection function 
一/Wv 
1 M 9 1549.4 1549 .8 1550 .2 1550 .6 1551 
02, ..... 
- ‘ M 6 3 Reflection function' ‘ 
0,1 - -
qL • ‘ -
、 . ^ 一 . … 一 _ J 
1540 1 M 4 1548 1552 1 5 5 6 1 5 6 0 
0 2 r - ^ , , ； — — , , 
M 6 3 Reflection function 
0 . 1 • -
A  
1 5 4 0 1544 1 5 4 6 1 5 5 2 1556 1 5 6 0 
Fig. 2-8 SSFBG reflection spectrum for encoded with M7-1, M7-2, M63-1 and 
M63-2 sequence phase shifts 
2.4 Summary 
In this chapter the FBG model based on CMT has been introduced and 
the theoretical model has been derived. A simulation model of FBG is also 
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constructed based on this model. Then the FBG properties are discussed 
using this model. It is found that the FBG length affects the width and 
reflectivity of the reflection spectrum; the refractive index modulation 
mainly affects width, intensity and position of the main peak. In section 2.3 
we discussed how the superstructure envelope affects on the FBG reflection 
spectrum. The code length and the code type also affect the width and shape 
of the SSFBG reflection spectrum. These facts give us the theory 
background for coherent OCDMA coding scheme using SSFBG encoders 
and decoders. 
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Chapter 3 
Coherent OCDMA Coding Scheme 
Based on the Superstructure Fiber 
Bragg Grating Encoder/Decoder 
3.1 Introduction and Theoretical Derivation of 
the Coding Scheme 
3.1.1 Introduction of the Coding Scheme 
In chapter 1 we have introduced some OCDMA schemes and optical 
devices used as the encoders and decoders in these schemes. In chapter 2 the 
FBG structure and its theoretical model have been introduced. As we know, 
some groups have chosen the SSFBG as the phase encoder in recent years 
due to its good properties [27]. In this chapter we shall introduce our work, 
the coherent OCDMA coding scheme based on the SSFBG encoder/decoder. 
In our coding scheme, Matched filter detection is employed. A 
phase-encoded SSFBG, whose frequency response is H{co) and impulse 
response is h(t), is used as the encoder. Another SSFBG, whose frequency 
response is G{co) and impulse response is g(t), is used as the decoder. 
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When the decoder SSFBG is encoded by an inverse superstructure phase 
mask and has the conjugate frequency response of that of the encoder, that is 
G{co) = H*{q))，the decoder and the encoder is said to be matched. At this 
time g{t) = h{-t), the output of the decoder s(t) is 
s{t) = h{t)^g{t)^S{t) = h{t) * h{-t) * S{t) (24) 
or in the frequency domain: 
S{co) = H{co)- G{co). d{co) = H{co)-H\co)' S{co) (25) 
where ^ ( 0 and 8{q)) are the impulse response and frequency response 
of the input signal and ' * ' is the convolution calculation factor. From (24) 
we can see that when r = 0 , the output signal reaches its maximum power 
and the signal is detected. 
3.1.2 Derivation of SSFBG Encoder 
For the SSFBG encoders that have been introduced in chapter 2, we 
can derive out the frequency response of the encoder H{co). Because we 
use the reflection spectrum of the SSFBG here, H{(o) refers to R which is 
showed in (21). By the derivation in chapter 2, the scattering matrix for 
SSFBG should satisfy: 
(26) 
�•^21 二 ^n 
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from (18) 
5 ( 0 , L ) = s , = 5 ( 0 , Z,) f [ { O i . ， 丨 ) ) = • " . ’ )) 
1=1 
(27) 
5 S 
where ZQ=0 and S^  = 1*2 is the product of the first i 
SSFBG elements; 
is the i'th SSFBG element; 
.。.4[: ；] (28) 
w h e r e i s the abbreviations of e ^ , O.is the matrix of the i'th 
phase shift, the phase delay introduced by the position the phase shift is also 
included here. 
Thus (27) can also described as: 
< Svi’N - . 伞N + . Syi中N 
Su,N ~ . ^W^N + . ^n^N (29) 
p • — • * . * p * i ^ ‘ 
y\\,N =>^n’AM '^WYN +*\2’"-l • Syi中N 
thus from (21) and because FBG is a passive device, 5 = , we 
know that the reflection function of the whole SSFBG is 
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R : S \ 2 ’ N 一 _ ' ^ U ^ N " ' " ' ^ l l . A f - 1 ' 
= 二 -尺AM * — s丄 (30) 
, • * ,* ^U^N - RN-1 ‘ + -
Formula [30] shows that when under weak-grating limit, « — L 
CO 
and Rfj is also small. At this time k «dz, and A <——orA < k . Also 2 
from (3), (4)，(5) we can see that dz is very small (usually dz < lO'^^m), 
so 
cosh(A • dz) - /—s inh (A • dz) » i—smh{A • dz) (31) 2A A 
Thus5i,(Z)^ » • sl^fN, (the derivation details can be seen in the 
appendix A) and put (4)，(5) into (30), we can get: 
R n 丄 、 2 中 
i - sinh(A. dz) cosh(A •dz) + i—smh(A • dz) 
= — — ^ + 1  
cosh(A - z ) - / ^ s i n h ( A . dz) cosh(A. dz) - i^sinh(A. dz) 
(31) 
where 
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i — smh(A-dz) 
A- A  
W cosh(A' z)_i—sinh(A • dz) 
‘ SP (32) 
/ —sinh(A-rfz) 
B = ^  
cosh(A • dz) 一 i — sinh(A • dz) 
、 2八 
and for the first 2 SSFBG elements and the first phase shift: 
&=mz。）.cv阶。’「？ iW''： 
•J"�|_0 幻 "^ ll. =-^n • + • ^nSn • <lh + • 
Juhi - f x (-yii)^  •中、 
(33) 
thus, we get: 
R — • <Pi + • tf = • + slXi • tf 
= 鸡 + 轉 . ( 2 � i * ) 二 4 + +召) . ( 2 《 )） 
From (31) and (34)，we can get: 
乂 - ( 1 + 5 脚 ; (AO 
+ (iV —1) 
‘ i (35) 
+ = A (2) 
/ ? , - A ( l + B)(2<Z>;) = A (1) 
In order to solve , we sum the function as below: 
^  
(AO + (iV — 1). (1 + ) + . . . + ( / ) . (1 + (2^；；)…（2<2)；；1) 
N-l 
+ ••• + � ‘ ( 1 + 5广 i ^ ^ ^ P ^ ) 
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then we get 
f N-i \ 
D ^ 1 + (1 + 5)(2(Z>；) + …+ (1 + 5 ){2(/>； ) . . . (2 么 ) 
Rn=A. N 
>. A 
、+…+ (1 + 5) )... (202*) + (1 + 召 广 . . . (2(0夕 
(36) 
we can align /？^  according the order of B: 
f / i \ \ 
1=1 \ J 
(37) 
1=1 
i  
i=N-l 
V / 
From (30) we know that when under weak-grating limit and split the 
grating into enough elements, A - d z « l , 5 « 1 , at this time 
f _ j \ 
1 + 办 > . . (‘ ,• ) +0{B) 
1=1 V 
f i A 
« A . l + ； ! ( 3 8 ) 
(=1 
V 
f fc'r. . 2;r ^^ 
= A . 1 + � — " � � 
1=1 
V 
Up to now we have derived out the frequency response of SSFBG 
encoder, . Please note that also includes phase factor introduced by 
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the phase shift position, which has been described in (28). From another 
point of view, we can assume that the input pulse is reflected by different 
elements of the SSFBG, and comes out of the SSFBG as a group of pulse 
sequence. Each pulse of the output pulse sequence has different time delay 
which is caused by the position of the phase shifts and the pulse phase is 
shifted by the phase shifts it has met when traveling in the SSFBG. However, 
from the derivation above we can see that this assumption has many 
approximations, among which the weak-grating limit is an essential 
requirement. All the approximations above are only available under the 
weak-grating limit. Another evidence for the weak-grating limit requirement 
is that only under the weak-grating limit, can the input pulse pass through 
the whole grating and be reflected by each element evenly. 
3.1.3 Encoding for the SSFBG 
Because every single pulse reflected by the SSFBG is shifted by all the 
shifts it has met in the SSFBG, we cannot directly add code sequences to the 
phase shifts of SSFBG encoders and decoders. Formula (38) shows that in 
order to get the correct phase we want, we need to do differential to the code 
sequence before we design the superstructure shape. 
Another important thing is to decide the values of the phase shifts. In 
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binary sequence coding, in order to construct a binary code sequence on the 
output pulse sequence from SSFBG, we need to add T or ‘-1’（or in another 
expression, ‘0，or’ n ’ phase shifts) to the pulse amplitude. From (38) and 
the definition of the phase shifts, we know that Jt phase discontinuity (or 
phase shift) can produce such a phase delay to the pulses. If we want to 
employ Quadri-phase sequences to the coding scheme, we should use — 
phase shifts to get the correct phase delay to the pulse sequences. 
From the discussion above, the code sequences can be added to the 
SSFBG encoders and decoders. For example, if we want to introduce the 
N N 
code sequence M, = to the encoder 1 and M^ = ^ m j , - to encoder 2, 
1=1 1=1 
where M j a n d M j are two different sequences of the same code set and 
m,,. and mj, represent the code bits of these two code sequences. We need to 
do differential toM, a n d M j first, and then use '0’ and phase shifts to 
represent the ‘1’ and '-1' respectively. Thus the frequency response of the 
encoder 1 is the pulse sequence modulated byMj： 
N 严j(川): 
= 又 ( 3 9 ) 
where A((V) and are function of and its impulse response 
is: 
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rM,{ t ) = Y m , . - a { t - T ) (40) 
1=1 
where a(t) is the time domain expression of A{co) and T can also be 
derived from (39). When we use the conjugate SSFBG of that encoder as 
shown in (23) as the encoder 1，we can get the output from the decoder as 
below: 
(0 = rM, (0 * rM, {-t) * S{t) (41) 
where rM^{t)"^ r M t h e autocorrelation of M,code. When the 
encoded signal from encoder 1 comes into decoder 2, which is encoded by 
the inverse sequence o f M j , the output should be: 
V2 (0 = rM, (t) * rM, {-t) * S{t) (42) 
rM^(t) * rM^i-t) represents the cross correlation of M^smdM^. 
(a) (b) (d) 
SSFBG SSFBG  
Encoder Decoder 
1 (c) 1 
N:1 1:N 
： 掛 i 
(e) 
SSFBG SSFBG  
Encoder Decoder   
\_N  
Fig. 3-1 system structure of coherent OCDMA using SSFBG encoders and decoders 
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Fig.3.1 shows an example of a coherent OCDMA system using SSFBG 
as the encoders and decoders. Each encoder and decoder is encoded by a 
unique bipolar code (code 1 to N). The input pulse (a) passes through the 
SSFBG encoders. Signal (b) is the encoded signal of user 1. It is constructed 
by a phase encoded pulse sequence as we derived from the theoretical 
model of SSFBG above. After multiplexing, the encoded signals of all the 
users combined together (signal (c)) after a certain distance fiber and being 
multiplied, the signals are demultiplexed and reach the decoders. Signal (d) 
is the decoded signal of decoder 1. Signal (d) is constructed by the 
autocorrelation of code 1 and the cross correlation between the other codes 
and code 1. Signal (e) is the decoded signal of user 12 when there is no 
input pulse to the SSFBG encoder 12. Signal (e) represents the cross 
correlation by user 1 and user 11. 
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Input pulse Encoded pulse of user 1 
1| 1 1 0.11  (a) (b) 
n I I i 。 。 : k m m 
-3000 0 T ime(ps ) 3000 -3000 OTime(ps) 3000 
Q ^ b i n e d signal of the encoded pulse of all the users ^ ^ Decoded signal of user 1 
1 0 . 4 J 1 0 . 2 
。：iMUAjJUvAJ �%m/i4JiMAMi^ 
.如 0 0 T ime (ps) 3000 -3000 0 Time (ps) 3000 
0 ^decoded signal of user 12 when it has no input signal 
• 02 
、：LwWikAMMrU 
-3000 O T i m e ( p s ) 3000 
Fig. 3-2 signals at different parts of the coherent OCDMA system: (a) input signal (b) 
encoded signal of user 1 (c) combined signal of all the encoded signals (d) decoded signal 
of user 1 (e) decoded signal of user 12 when it has no input pulse 
In this way, we can perform the CDMA coding scheme using the 
SSFBG introduced above. However, the theoretical model of the SSFBG 
encoder and decoder is some kind of approximation, there are always some 
interferences inside the encoder. We shall discuss the system performance of 
this coding scheme in the next two chapters. 
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3.2 Introduction of the Simulation Model and 
the Research on It 
Userl ZZ Encoder 1 
Input pulse 11 E 三 Decoder 1 
— 
• X Decoded output 
/ pulse Encoder ly UserN —— / 
Input pulsejl^ / 
Fig. 3-3 the system structure of the coherent OCDMA coding scheme 
Fig.3-3 shows the system structure of the coherent OCDMA coding 
scheme based on the SSFBG encoders/decoders. In this scheme, a simple 
OCDMA system consisting of a number of encoders and a single decoder is 
constructed. 
Our simulated coherent OCDMA system has N users with each user being 
assigned a unique sequence code, where N varies from 1 to 12. Each unique 
code is realized by a corresponding SSFBG en/decoder. The reflection 
spectrum of the phase encoded SSFBG is derived from the overall scattering 
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matrix of the SSFBG while the reflection spectrum of the corresponding 
matched decoder is obtained by taking the complex conjugate of the former. 
The input signals are taken as Gaussian-shaped optical intensity pulses. 
These signal pulses are fed into different SSFBG encoders, which bear 
different randomly chosen codes from the same sequence family. A 
schematic of the simulated OCDMA system using SSFBG encoders and a 
decoder is shown in Fig.3-3. The encoded signals of all the N users will be 
coupled to feed into decoder 1. Here decoder 1 is intended to detect only the 
signal from userl and is therefore the complex conjugate of encoder 1. The 
output signal from decoder 1 will be used to calculate the Signal to 
Interference Ratio (SIR) of the detected signal of user 1. The SIR is taken 
here as the ratio in dB between the main peak and the highest side peak of 
the output signal as shown in Fig. 3-4. Bit Error Rate (BER) performance of 
the multi-user system is also an object of our investigation. 
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Fig. 3-4 Plot of SIR definition in the simulation 
In the simulation, we employ the Guassian shape pulse as the input pulse. 
As we know, the characteristics of the input pulse have significant effects on 
the performance of the encoder/decoder. Here different ratio of 3dB 
bandwidth between input pulse and SSFBG reflection spectrum are chosen 
to find the optimum relationship between them. Table 3-1 shows that when 
the 3dB bandwidth of input pulse equals to the 3dB bandwidth of SSFBG 
reflection spectrum the SIR of output signal is the highest. So we design the 
the SSFBG and light source according to this relationship. 
Ratio I 0.5 I 1 2 
SIR (dB) 17.14742 17.3058 16.56872 “ 
Table 3-1 Relation between the ratio of 3dB bandwidth of input pulse to SSFBG reflection 
spectrum and SIR of decoded signal 
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Based on this system model we can do some research on effects on 
system performance by the encoder parameters. We can also research how 
the code sequences' properties affect the system performance. Some 
research on the system when operating in practical environment will also be 
taken. Yet there is a lot of research based on this system model we can do in 
the future. In chapter 6, some of our future research targets will be 
introduced. 
3.3 Summary 
In this chapter we introduced the coherent OCDMA coding scheme 
based on the SSFBG encoders and decoders. The theoretical base of the 
coding process of the scheme using matched filter detection has been 
introduced. We also derived the frequency response and impulse response of 
the SSFBG encoder model base on CMT. After that, we introduced the 
CDMA coding process using the SSFBG encoder and decoder. In section 
3.2 we introduced the simulation model of the coding scheme. We shall 
discuss it in details in chapter 4 and chapter 5. Some research based on this 
simulation model has been introduced too. In the next two chapters we shall 
mainly focus on the system performance analysis of this coding scheme. 
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Chapter 4 
Research on the Simulated Coherent 
OCDMA System in Ideal Case 
4.1 Introduction of the ideal case and factors 
that affect the system performance 
The ideal case of the coherent OCDMA system refers to the system is 
operating synchronously and all the users arrive at the decoder side with the 
same amplitude. In wireless CDMA system, the synchronization is an 
important step to decode the received signals; the power equalization will 
also be done to the signals from different users before the decoding. In the 
ideal case, we need not consider the shift-phase autocorrelation of the 
signals. And in the ideal case the signal power of each user is in the same 
level, which offers convenience to estimate the system performance. The 
ideal case is important to evaluate some of the parameters of the system. 
Hence we shall discuss the system performance in the ideal case in this 
chapter. In next chapter, some research will be taken on in the practical 
environment. 
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Because OCDMA system is a multi-user system, it is important to 
evaluate the system performance in a multi-user environment, such as the 
Signal to Interference Ratio (SIR) of the received signal and Bit Error Rate 
performance of the system. 
In chapter 2 and chapter 3，we have discussed some parameters of the 
FBG that affect the frequency response of the SSFBG as well as the 
physical requirement of SSFBG encoder. In this chapter we will also discuss 
how the refractive index modulation affects SIR of decoded signal in 
multi-user system, which partially shows system performance when the 
weak-grating limit is satisfied or not. In the research we shall adjust the 
FBG length to make the different encoders occupy the same bandwidth. 
The properties of code sequence, such as code length and code type 
will also affect the system performance. We shall discuss on these effects 
respectively. 
4.2 Effects by Refractive Index Modulation of 
the SSFBG Encoder 
In chapter 3 we emphasized that the SSFBG can only operate under the 
weak-grating limit, otherwise the approximations in our derivation will not 
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be correct. Here we would like to do simulations to research on how the 
reflectivity affects the OCDMA system. 
In this simulation 255-chip M-sequence is used. And SIR of the 
decoded signal of user 1 is employed to evaluate the system performance. 
Because the Multi-User Interference (MUI) does not follow the Gaussian 
distribution, it would be not suitable to use the mean amplitude to represent 
the noise level. Here the highest side peak is used to describe the worst 
condition of the noises. The other parameters of the simulated SSFBG 
encoder are: FBG length L = 2.06cm，center wavelength A �= 1550nm， 
effective mode index n吸=1.45, the pulse width of input pulse is decided 
by the relationship between 3dB bandwidth of the input pulse and that of the 
SSFBG reflection spectrum which has been introduced in chapter 3. 
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Fig. 4-1 Reflection spectrum of SSFBG encoder with different refractive index 
modulation: i s 5 x l O " ^ , 5 x l O "\5xlO'^,5xlO"\ 
Fig.4-1 shows the reflection spectrums of SSFBG with different 
refractive index modulation. 也 of different SSFBG encoders a r e2x l0 -^ , 
2x10-5 2x10" \2x10-3 . We can see that the reflectivity of the SSFBG 
increases w h e n i n c r e a s e s . When 么欢=2x10—6, the weak-grating 
limit: =6.28x10-6 = 2x10-4 is satisfied, where L' is the 
length of the grating elements between the phase shifts for 255-chip phase 
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encoded SSFBG. The reflectivity of grating (a) is about 0.01. And for 
grating (b) when the refractive index modulation increases to 2x10"^, it is 
still under the weak-grating limit, its reflectivity is about 0.1. When the 
refractive increase 10 times again, which does not satisfy the weak-grating 
limit very well, the reflectivity increases to about 0.8 or so. When 
5 鄉 = 2 x 1 0 - 3 ， t h e weak-grating limit is not satisfied. At this time, the 
signals cannot be correctly encoded and decoded. We can also see from the 
plot that the reflection spectrum has already been saturated. Hence some of 
the modulation information of the SSFBG has been lost. 
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Fig. 4-2 SIR in multi-user environment when is 2x10"^, 2x10—5, 2 x l 0 " \ 
2x10-3. 
Fig.4-2 shows the SIR under multi-user environment. We can see that 
when the refractive index modulation is small, the SIR is relatively high 
when the user number is small. =2x10"^ the SIR of single user 
condition is above 16dB. And when the second user is added in the system, 
there is a power penalty of 4dB, which agrees with the experimental result 
in [27]. That is because of the spreading gain of the code sequences. 
However, the users are not independent with each other at this time. When 
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the user number increases, the SIR will drop quickly. And when all the 12 
users communicate in the system, the SIR is near OdB. That means we 
cannot find whether the sender has sent information to the corresponding 
decoder 
However, there is a trade-off between the reflectivity and the SIR 
performance. When we decrease the SSFBG reflectivity to get a higher SIR 
performance, we also decrease the signal power of encoded and decoded 
signal because more power of the input signal penetrates the SSFBG and 
loses. When considering the channel noises, which is independent with the 
signal power, the actually SIR of output signal may not be high. Also a 
small power is more difficult to detect. So it is important to choose an 
appropriate refractive index modulation so that we can get a relatively high 
SIR as well as an acceptable signal power. 
4.3 Effects by Code Type 
We have mentioned in chapter 2 that different superstructure envelope 
will generate different reflection spectrum. Here we show the system 
performance when using different Code sets to the SSFBG encoders and 
decoders by simulation. The SIR performance is compared in multi-user 
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case where the maximum user number is 12. 255-chip random sequences, 
255-chip M-sequences and 256-chip Walsh sequences are employed to the 
SSFBG encoders in our simulation. The details of the random sequence, 
M-sequence and Walsh sequence are discussed in Appendix B. And the 
theory autocorrelation performance of M-sequence is also list here as a 
reference. The theory autocorrelation performance of M sequence refers to 
the direct calculation of autocorrelation spectrum of the intended 
M-sequences. 
SIR V S . user nurrber for different codes 
1 2 3 4 5 6 7 8 9 10 11 12 
user nunber  
-B-IV255 +v l^sh256 
-^ theo r y M sequence random255 
Fig. 4-3 The SIR performance under multi-user environment for 255-chip 
M-sequence, Walsh sequence, random sequence. Theoretical result of correlation 
performance of M-sequence is as a reference. 
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Fig.4-3 shows the multi-user performance of the system using different 
code sequences. The SIR performance of the M-sequence itself is defined by 
the ratio between the main peak and the highest side peak of the mixing 
signal of autocorrelation spectrum and cross correlation spectrums with the 
other sequences. It is shown that for all the sequences, when the user 
number increases, the SIR performance of the output signal will decrease. 
The theoretical correlation property of M-sequences is better than the 
performance of SSFBG encoders. The possible reason lies in that the 
theoretical model of SSFBG has some approximation, there are some phase 
noises come from the SSFBG encoder and decoder. The Fast Fourier 
Transform calculation in simulation will also bring some noises to the 
decoded signals. Walsh code is an orthogonal code sequences, the 
theoretical cross correlation result of each two codes in Walsh code set 
should be equal to zero. However the Walsh code is sensitive to the phase 
noise and synchronization. In this coding scheme, the theoretical model 
itself already has some phase noises. And the FFT calculation will also 
introduce some noises. Thus the SIR performance of Walsh code is similar 
to that of M-sequence. When there are 12 users in the system, the SIR 
performance will be 5dB or so. For the random sequences, when the user 
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number is small, it will offer an acceptable SIR performance. This is 
because of the high spreading gain of 255-chip encoder. However, when the 
user number increase, the encoded signal of the users are not independent to 
each other, so the SIR performance of the system using random sequences 
drops more quickly. The SIR drops to near OdB when all the 12 users are in 
the system. At this time, the encoded signal cannot be decoded correctly. 
From the discussion above, it is clear that if we want to enhance the 
SIR performance for the multi-user system, we would better choose those 
code sequences which have good correlation properties and are not very 
sensitive to the phase noises. 
4.4 Effect by the Code Length 
In CDMA communications we know that the longer code sequences offer 
the larger code set and the higher spreading Gain. However, the longer code 
sequence will decrease the transmission speed of the system. Here we would 
like to discuss how the code length affects the SIR performance of the 
OCDMA system. In this simulation, FBG encoded with different length 
codes will be used to encode on the same bandwidth. The refractive index 
modulation is set to 2x10-5. The SBG length is designed according to 
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these parameters. 
SIR vs. user nunber 
15 31 63 127 255 511 
code 丨 ength 
l + s i n d e user S I R + 2 user SIr|  
Fig. 4-4 SIR vs. code length for M-sequence in single user and 2 user condition 
Fig.4-4 shows that the SIR in single user condition and 2 users condition 
will increase when we employ longer code sequences to the coding scheme. 
When the code length is 15, the SIR of decoded signal in single user 
condition is only 8dB or so, and when we add the second user, there occurs 
a power penalty about 4dB. When we use 511 chips M-sequence, the SIR 
will be above 16dB in single user condition and more than 13dB for 2-user 
system. One reason for the increase of SIR is that longer M-sequence has a 
higher ratio between autocorrelation and cross correlation. The other reason 
lies in that the spreading Gain of the longer M-sequence is large than that of 
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the shorter one. As shown in Fig.4-5, we can see the width of decoded 
signals is related to the code length. When 15-chip M-sequence is used, the 
time spectrum of decoded signal is shorter than that of 255-chip M-sequence 
decoder. Because the reflectivity of SSFBG encoder/decoder decides the 
whole power of the decoded signal pulse, for long code sequence, the 
spectrum of decoded signal is wide, thus the noises can be distributed to a 
wide region, which also attribute to its high SIR. 
0.04| 1 1 1 
1 (a) for 15 chip M-sequence . 
£ 0 0 2 - -
妄 J I ^ y w W i W v s A ^ I  
•3DM10" -2400 0 Time (ps) ^ moo 
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a (b) for 31 chip M-sequence 
c 2 - -
I I  
- 3 0 ^ ^ 0 Time (ps) im MOO 
^ (c) for 63 chip M-sequence i 
| i - -
. 3 W ioo 0 Time (ps) 24oo 3000 
I (d) for 127 chip M-sequence p - -
•308010^  -2400 0 Time (ps) 2400 0^0 
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f 1 
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Fig. 4-5 the decoded signal pulses for single user systems involved different length 
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M-sequences, 
Another effect caused by the code length is the size of code sets. For 
example, there are altogether 4 codes for 15-chips M-sequences while the 
code set for 255-chip M-sequence is 25. For a certain code set such as 
M-sequence, the longer code length attributes to a larger size of code set. 
We should choose the proper code length to the CDMA system by 
considering the capacity limit of the system. 
4,5 Summary 
In this chapter we researched on the system performance in the ideal 
case. We discussed those factors that affect the system performance, such as 
the refractive index modulation of SSFBG, the code type and length of the 
code sequences employed by the coding scheme. 
It is found that when under the weak-grating requirement introduced in 
chapter 3，the system performance is acceptable in the multi-user 
environment. The SIR performance will be better when the refractive index 
modulation is smaller. While when the weak-grating limit is not satisfied, 
the SIR performance of M-sequence encoded system is similar to the 
random sequence encoded system. 
Code type also affects the SIR performance of the multi-user system. 
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The SIR performance of M-sequence encoded system and Walsh sequence 
encoded system is better than the random sequence encoded system, which 
shows the essentiality of code sequence. However, because of the phase 
noise of the SSFBG encoder, the real SIR performances are not as good as 
the theoretical results. 
Code length affects the SIR of the decoded signal as well as the system 
capacity. If we want to design an OCDMA system, it is necessary to choose 
longer code sequences to the encoders and decoders. 
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Chapter 5 
Research on the Simulated Coherent 
OCDMA System in Practical 
Environment 
5.1 Introduction 
In the wireless CDMA systems, synchronization is important for the 
decoding. If the decoder is not synchronous with the decoded signal, the 
SIR performance will decrease. In OCDMA system we also need to 
consider the performance when the system operates in an asynchronous 
environment. 
The power equalization is also an important step in wireless CDMA 
decoding process. Because the transmission distance of different user may 
vary in a large scale, the powers of the encoded signals at the receiver side 
are different. This makes the system performance unstable. In optical 
communications, different transmission distance also causes different 
attenuations to the signals. In the coding scheme we simulated, there is no 
power equalization process, so it is necessary to research the system 
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performance when the encoded signal of users in different power levels. 
Besides the MUI, channel noise is also an important factor to evaluate 
the SIR of decoded signals. In this chapter we shall also discuss the system 
performance under different channel noises and give the BER performance 
of multi-user system in ideal case. 
5.2 Comparison of System Performance in 
Synchronous and Asynchronous Cases 
We have discussed the system performances in ideal case in chapter 4, 
where all the simulation is done by assuming each user arrives at the 
decoder simultaneously. However in the practical OCDMA system, the 
users usually communicate to each other asynchronously. Because in recent 
coherent OCDMA schemes there is no mature method to do the 
synchronization at the decoder side as what the wireless CDMA schemes do. 
It is important to realize how the system performance degrades in the 
asynchronous case. In this section we shall simulate an asynchronous 
environment by adding a random delay to the encoded signal of each user. 
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Mil ti-user perforrrance in asynchronous case 
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Fig.5-1 SIR vs. user number for 255-chip M-sequence encoded OCDMA system in 
synchronous and asynchronous case. Theoretical correlation property of M-sequence 
list as a reference 
Fig.5-1 shows the SIR performance of multi-user 255-chip M-sequence 
encoded OCDMA system in synchronous/asynchronous case. Here the 
random delays are generated by adding a random shift (from 0 to 255 bits) 
to different code sequences. The delays to the other 11 users list in table 5-1 
below. It is shown that when the system operates asynchronously, the SIR 
drops more quickly than the synchronous case. As we know, the phase-shift 
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correlation property of M-sequence is not good. The shift-phase cross 
correlation values of M-sequence is random. This is also proved from the 
plot in which the curve of asynchronous case is similar with that of the 
random sequences. When the user number is large, the SIR of output signal 
drops to about OdB. At this time, we cannot get the useful information from 
the decoded signal. 
User 2 3 4 5 6 7 8 9 10 11 12 
number 
Delay 242 58 154 123 227 194 116 4 209 113 156 
(bit) 
Fig. 5-1 delays of the other 11 users in asynchronous case 
5.3 Discussion on the System Performance 
When Users are In Different Power Levels 
When the users in the CDMA system have different power levels, the 
interferences between each user will not be equal. Those users whose 
intensities are relatively lower will suffer larger interferences while those 
users who have a larger intensity will not be so easily interfered by other 
users. The system performance becomes unstable at this time, the SIR of the 
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system will drop abruptly when users with a much higher power level, 
especially the SIR for the users whose intensities are small. In this section 
we shall simulate this case. Because the system performance is random, it is 
difficult to describe the system performance when users with random power 
levels come in. Here we would like to discuss on the worst case of such a 
condition. We assume user 1 is the one whose power level is the lowest 
among all the users, thus the SIR of the output signal from decoder 1 should 
be the lowest among all the decoded signals. We also set the power level of 
the other users (from 2 to 12) IdB, 2dB, 3dB, 4dB higher than that of user 1. 
The curve of SIR performance in the ideal case lists as a reference. As 
discussion above, we still choose 255-chip M-sequences in our simulation. 
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Fig. 5-2 SIR performance of M255 synchronous encoded system for various intensity 
levels of multi-user signals 
Fig. 5-2 shows the SIR performance when the power level difference is 
OdB to 4dB. We can see as expected, the SIR of the decoded signal gets 
worse as the interference power increases. When each of the unintended 
user signal power exceeds that of the intended user by 4dB, the decoded 
signal SIR becomes OdB in an environment of approximately 10 multi-users. 
In this simulation, we only consider synchronous users. The asynchronous 
case will be much worse and is not considered. 
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5.4 Analysis of Channel Noise In the Coherent 
OCDMA System 
In our research above, we did not consider the interference caused by 
channel noise. However, channel noise is also an important factor in the 
coherent OCDMA systems. Channel noise is the combined noises generated 
by the optical devices in the systems such as the light source, encoder, 
amplifier, couplers and fiber. Since the channel noise is very complex, here 
we use the Gaussian White Noise to represent the noises altogether for 
convenience. 
By setting a proper channel noise level, the Bit Error Rate of the 
system relates to the received signal power. Here we assume that the 
channel noise power is about -40dBm, thus we can get a reasonable signal 
power in error-free transmission {BER = We calculate the BER 
performance for the 255-chip M-sequence encoded OCDMA system in a 
multi-user case by using the formulations which relate the Signal to Noise 
Ratio (SNR) and BER together: 
From the Gaussian approximation: the output Guassian random 
variable with mean V for ‘1，bit and O for '-1' bit. 
If P{'V) = P ( ' - r ) = 0.5 and assume cr! = cr_i = <7，the BER is given 
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by: 
全卜長)] (42) 
2 2 where erf{x) = —j= dy. It is shown that P^ only depends on 
y f V • —，which is related to the SNR as — = 201og(—). 
V^JdB f 
Thus from the SNR performance of multi-user system we can get the 
corresponding BER performance. The simulation is done in ideal case: all 
the users are synchronous and have the same signal power. The processes of 
BER performance analysis for other cases are similar to that of the ideal 
case, so we shall not list them here. 
-25 -20 -15 -10 
Received power (dBm) 
Fig. 5-3 BER performance for multi-user OCDMA system encoded with 255-chip 
M-sequences. 
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Fig.5-3 shows the BER performance of multi-user OCDMA system 
encoded with 255-chip M-sequences. The total user number is 12. The 
curves shows when there are i users in the system, i from 1 to 12. It is clear 
in the plot that when adding a second user to the system, there is a power 
penalty of about 4dB. This result agrees with the experimental result 
achieved in [27]. Furthermore we discuss the multi-user case which [27] did 
not mention. When the third user is added to the system, the power penalty 
is about 2dB. When there are many users in the system, the power penalty of 
adding a new user is relatively low. However, the penalty of adding a new 
user to a multi-user system will not introduce a penalty as high as that of 
adding the second user. When there are 12 users in the system, the total 
power penalty is about 13dB. 
In practical system design the BER performance is also an important 
factor to evaluate the system capacity. Sometimes, although there are 
enough codes, the large power penalty limits the available users in the 
system. 
5.5 Summary 
In this chapter we discussed the system performance in the practical 
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environment. The research has been done on an asynchronous case. We also 
simulated the system performance when the encoded signal powers of 
different users are not in different levels. The channel noise has been added 
to our system and the BER performance is calculated in a multi-user 
environment. Our simulation result agrees to some published experimental 
data. Furthermore we analyzed the BER in a multi-user environment for the 
coherent OCDMA coding schemes based on SSFBG, which has not been 
mentioned in published research. 
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Chapter 6 
Conclusions and Future Work 
6.1 Conclusions 
In this thesis we have investigated the coherent OCDMA coding 
schemes. Coupled Mode theory has been introduced and applied in the 
analysis of Fiber Bragg Gratings. We also introduced Superstructure Fiber 
Bragg Grating, a new phase encoder employed in the coherent OCDMA 
coding schemes and derived from the theoretical model of this encoder. 
Furthermore, we successfully constructed the simulation model of a multi-
user coherent OCDMA system employing SSFBG as the phase encoders 
and decoders. The performances of the SSFBG encoders and decoders have 
been characterized in details. Finally we added the channel noise to the 
simulation model of the OCDMA system and plot the BER performance in a 
multi-user case. 
From theoretical derivation, it is found that the SSFBG encoder is 
applicable only under the weak-grating limit and must satisfy the 
requirements such as weak-grating limit and the assumption B « 1 in (37) 
introduced in chapter 3. Otherwise we cannot ignore the other phase parts in 
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the theoretical expression of the SSFBG. Our simulation results also support 
the theoretical conclusion that when the requirements above cannot be 
satisfied, the performance of SSFBG encoder does not agree with the 
theoretical results of the code sequence and the SIR performance will 
degrade. However, even the requirements have been satisfied, the SSFBG 
encoder will always introduce some phase noises, so the codes whose 
correlation properties are very sensitive to the phase noise, such as the 
Walsh code, is not suitable for this coding scheme. 
It is also found that longer codes will yield a better SIR in the decoded 
signal. But it is also demonstrated that in order to achieve a reasonable SIR 
performance in a multi-user environment, signal synchronization and power 
equalization at the receiver are necessary. The result obtained here also 
agrees well with the experimental result obtained by another research group 
that a power penalty of 4dB is incurred when a second user is added to the 
system, although it has employed a different code sequence. 
There are two limiting factors that decide the system capacity of 
CDMA system. They are the size of CDMA code set and the SIR 
performance of the multi-user system. It is known that the decoded signal 
is overwhelmed by noises when the SIR performance decreases to below 
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OdB. Here we use OdB in the SIR as the limit of system capacity. The 
system SIR performance should be above OdB within the system capacity. 
It is known that there are 25 codes for 255-chip M-sequences. From the 
simulation results of the multi-user performance we can see that in the 
ideal case the system can support more than 12 users. And in the 
asynchronous case the maximum user number of such a system is 11. 
When the power levels of users are different, the system capacity will 
degrade too. In IS-95 CDMA protocol of wireless communications, 
Walsh codes with length of 64 are used. There are at most 64 users in a 
channel theoretically. But the system cannot support so many users due 
to interference of each other. Usually tens of users can share the same 
channel. Although the system capacity of the coherent OCDMA system 
using SSFBG is much smaller than that of wireless CDMA systems, it is 
larger than that of the incoherent OCDMA system. A larger system 
capacity can be achieved if we can find codes with better correlation 
properties and change to a better encoder structure to get better 
performance. 
Because of the ease of adding phase changes to carry out phase 
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encoding and decoding in coherent OCDMA coding schemes, SSFBG has 
been employed by some research groups in their coherent OCDMA system 
design. However, most of such work can only support a few users and hence 
much more work is necessary to understand how SSFBG encoders can 
affect the performance of a multi-user OCDMA system. Also we need to 
find some code sequences whose correlation properties are suitable for such 
a coding scheme. 
6.2 Future Work 
We have successfully applied Coupled Mode theory to the multi-user 
coherent OCDMA coding scheme with SSFBG as the encoder. Our future 
work will be placed on researching on how to analyze the performance of 
SSFBG encoder when it does not satisfy the requirements. Research will 
also been done on the effect of phase noise generated by SSFBG and other 
devices, which will direct us to look for the code sequences that are more 
suitable for such a coding scheme. 
Some methods are necessary to be investigated on solving the 
performance degradation when the system operates in an asynchronous 
environment and when the users power levels are not equal. 
On the other hand, SSFBG can also act as the channel filters in WDM 
7 5 
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schemes, some research can be taken on the other applications of SSFBG 
and on the WDM/OCDM hybrid systems using such coherent OCDMA 
schemes. 
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Proof of SSFBG Theoretical Model 
Approximation 
In chapter 3，we did the assumption that under the weak-grating limit 
《夸 (42) 
(43) 
Here we give the derivation of the assumption. First, from the 
definition of k: 
, V 兀Sneff … � 
k = ~ ( 4 4 ) A the weak-grating limit in (42)can be described as 
k « - « - . N = dz ( 4 5 ) L L 
and under the weak-grating limit 
�- i < l (46) 
From the derivation of chapter 2 and chapter 3, we assume that all the 
scattering matrix of the uniform FBG elements are the same : 
‘ cp 
= = cosh(A. dz) - sinh(A. dz) 
‘ * k 2 (47) 
Sy2=q = sinh(A. dz) 
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where 
S6 n ^ ^ A 1 X , … 
T = = 2 � ( 4 8 ) 
9 。！1/2 
A = \k\ - { S ^ / i y l (49) 
Although and ‘ 5*2 are complex number, we want to omit 
one when we do not care the small phase different of the result. In 
derivation below we compare the two variables in 3 conditions: 
(1) (50) 
from (44) and (48) we can get that 
成eff r. in - A ^ dX 
D u 
thus ( 5 1 ) 
�e f f � " / t 
This occurs when 入 is far from the center wavelength, and at this 
QO 
time A = thus (47 ) can be described as 
= cos(—^/z) - 1 s in(—az) 
‘ • \ k . (52) 
s = i — -sm{——dz) 12 2 
from (46) and (50), we can see that (43) is correct at this time. 
(2) (53) 2 
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similar with the derivation of (51)，we know that this occurs when 入 is 
very close to the center wavelength. 
At this time A~k , thus (47) can be described as 
‘ on 
•Si 1 = cosh(/:. dz) 一 i sinh(/: • dz) (54) 
s*^ = i • sinh(^ • dz) 
from (45) we can see that k-dz«l, thus cosh(A:. dz) » sinh(/: • dz), 
and (43) is also correct here. 
(3) 考 (55) 
This assumption also occurs when 入 is very close to the center 
on 
wavelength. At this time the k is in the same degree with —，thus from 
( 4 5)， ^ d z « 1 and A is small. So ^ • d z « \ and 
smh(A. ^/z) = A.由 (56) 
now (47) becomes to 
QO J,, = cosh(A • dz) - sinh(A • dz) 
~ cosh(A •dz)-i—-l^'dz - cosh(A. dz) 一 i 考• dz 
«cosh(A-rfz) (47) 
and 
* k k 
s* =q = /—sinh(A. dz) ~ i—-A-dz - -ik. dz ^ A A 
Here we can also get the conclusion that (43) is correct here. So in the 
entire spectrum, (43) is correct when under the weak-grating limit. 
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Appendix B 
Random Sequence, M-sequence and 
Walsh Sequence 
In the simulation we employ different codes such as random sequence, 
M-sequence and Walsh sequence. 
Here the random sequence is constructed by randomly generating T or 
‘-1，code bits. Twelve 255-chip random sequences are employed here to take 
a reference to the performance analysis of the CDMA codes. 
M-sequence is a well-known CDMA code. It is often used in the wireless 
CDMA schemes to do the spectrum spreading. There are 25 codes for 
255-chip M-sequences. We use 12 of them in the simulation. 
Walsh codes belong to an orthogonal code set. The cross correlations of 
the different Walsh codes are zero. It is used in the wireless CDMA schemes 
for channel randomizing. However, the correlation performance of Walsh 
codes degrades very quickly when there are noises. There are 256 codes for 
256-chip Walsh code set. We used 256-chip Walsh codes in the simulation to 
analyze the multi-user performance of coherent OCDMA system using 
SSFBG encoders and decoders. 
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